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We report inelastic neutron scattering on single crystals of the bilayer cuprate family
La2−xCa1+xCu2O6+δ, including two crystals made superconducting (transitions at 45 and 55 K)
by high-pressure annealing in an oxygen-containing atmosphere. The magnetic excitations in the
non-superconducting crystal have a similar temperature-dependence as those in weakly hole-doped
cuprates. In the superconducting crystals, there is a near-uniform suppression of the magnetic spec-
tral weight with increasing temperature; in particular, there are no signs of a spin gap or “resonance”
peak. This is different from the temperature dependence seen in many optimally-doped cuprates
but similar to the behavior seen in certain underdoped cuprates. We discuss the possible connection
with pair-density-wave superconductivity.
I. INTRODUCTION
While the mechanism of superconductivity in the high-
Tc cuprate superconductors remains controversial, inelas-
tic neutron scattering measurements of magnetic corre-
lations may give insight into excitations widely believed
to play an important role in cuprate superconductivity.
The cuprates consist of many families, each having CuO2
planes and a similar phase diagram [1], but each also
having quirks such as differing numbers of CuO2 planes
per unit cell, interlayer structures, type and mobility of
dopants, etc. It is important to conduct measurements
on many different cuprate families to distinguish between
properties universal to all cuprates or particular to cer-
tain families. One family infrequently studied by neu-
trons is the La2−x(Ca,Sr)xCaCu2O6+δ (La-2126) family
[2–6], which is a bilayer variant of the more commonly
studied “La-214” family having La2CuO4 as the parent
compound.
Synthesis of large, superconducting La-2126 crystals
is difficult, as substitution of Ca or Sr for La at suffi-
cient levels to yield superconductivity requires annealing
in a high-pressure oxygen-containing atmosphere [7, 8],
and such facilities are relatively uncommon. We have re-
cently succeeded in growing and oxygen-annealing large
crystals of Ca-doped La-2126, achieving superconducting
transition temperatures, Tc, as high as 55 K [9–11]. In
contrast to La-214, the La-2126 structure contains CuO2
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bilayers. A transport study on La-2126 crystals demon-
strated decoupling of the superconducting bilayers in a
magnetic field applied perpendicular to the layers [12]. In
this paper, we investigate the spin excitations in similar
crystals.
There are a number of commonly observed responses in
the cuprates. In the insulating parent compounds, anti-
ferromagnetic spin waves disperse from magnetic Bragg
peaks characterized by wave vector QAF = (0.5, 0.5, 0)
[13]. With increasing hole-doping, the dispersion of the
magnetic excitations tends to transform into an “hour-
glass” shape with incommensurate excitations at low en-
ergies, as has been observed in La2−xBaxCuO4 (LBCO),
La2−xSrxCuO4 (LSCO), YBa2Cu3O6+δ (YBCO), and
Bi2Sr2CaCu2O8+δ (BSCCO) [14]. In optimally-doped
cuprates, a spin gap is present below Tc, and a puta-
tive resonance peak is typically observed above the gap
[15–18]. The spin gap appears to be a common feature of
cuprates with a spatially-uniform superconducting state
[19].
With sufficient underdoping, however, there are sev-
eral cases where the spin gap and resonance are not ob-
served; instead, gapless spin fluctuations coexist with su-
perconductivity. Examples include YBa2Cu3O6.45 with
Tc = 35 K [20], La1.93Sr0.07CuO4 with Tc = 20 K
[21], and La1.905Ba0.095CuO4 with Tc = 32 K [22]. In
the latter case, decoupling of the superconducting lay-
ers has been observed over a considerable range of c-axis
magnetic field [23, 24]. The field-induced state is sim-
ilar to the two-dimensional superconductivity detected
at zero field in La1.875Ba0.125CuO4 [25], which has been
attributed to pair-density-wave (PDW) superconducting
order [26, 27]. Is a similar story relevant to La-2126?
Previous neutron-scattering measurements on La-2126
have focused on the elastic scattering of unannealed
crystals that were non- or weakly superconducting [29,
30]. These measurements showed long-range antiferro-
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2TABLE I. Sample labels, superconducting transition temperatures Tc, along with incident neutron energies Ei, and corre-
sponding T0 and F1 chopper frequencies used for the low energy (LE) and high energy (HE) configurations. Also included are
the energy resolution ∆E (full-width half-maximum at h¯ω = 0) and ∆E/Ei [28].
LE HE
Sample Tc Ei T0 F1 ∆E ∆E/Ei Ei T0 F1 ∆E ∆E/Ei
(K) (meV) (Hz) (Hz) (meV) (meV) (Hz) (Hz) (meV)
NSC 0 60 90 180 3.6 0.060 150 90 300 7.9 0.053
SC45 45 40 30 180 2.1 0.052 120 60 240 7.5 0.062
SC55 55 60 90 180 3.6 0.060 150 90 300 7.9 0.053
magnetic (AF) order in La1.9Ca1.1Cu2O6+δ and short-
range AF order in La1.85Sr0.15CaCu2O6+δ, with the
order appearing to be commensurate in both cases
[30]. A tetragonal-to-orthorhombic structural phase
transition upon cooling has been observed for both
La2−xSrxCaCu2O6+δ and La2−xCa1+xCu2O6+δ [29, 30].
In this paper, we present an inelastic neutron scatter-
ing study of La2−xCa1+xCu2O6 single crystals, two of
which exhibit bulk superconductivity induced by high-
pressure oxygen annealing. We have previously charac-
terized the structures of these crystals [10, 31]. The an-
nealing appears to enhance the Ca concentration of the
La-2126 phase into the superconducting regime, at the
cost of creating some effective intergrowths of two other
cuprate phases, as we explain below. Nevertheless, only
the La-2126 phase has bilayers, whose spin excitations
have a modulated structure factor that allows us to sep-
arate them from other contributions. Our key findings
are 1) the absence of a spin gap in the superconduct-
ing state, and 2) a robust superexchange energy, despite
considerable softening with doping.
The rest of the paper is organized as follows. The
materials and methods are described in the next section,
followed by some background on the acoustic and optical
magnon modes expected in a bilayer cuprate. The data
and analysis are presented in Sec. IV. We discuss the
connection with intertwined orders in Sec. V, and end
with a summary.
II. MATERIALS AND METHODS
The details of the growth, annealing, and character-
ization of crystals of La2−xCa1+xCu2O6 with nominal
values of x = 0.1 and 0.15 are described in [10, 12, 31].
In the present study, two crystals of x = 0.1 were stud-
ied: sample NSC (mass of 7.5 g) was as-grown and non-
superconducting, while sample SC45 (6.3 g) was annealed
in high-pressure oxygen (pressure above 0.55 GPa and
T > 1130 ◦C) and had a superconducting transition
temperature Tc = 45 K (determined by magnetization).
Crystal SC55 (7.4 g) corresponds to nominal x = 0.15,
with similar annealing conditions, and Tc = 55 K.
While the NSC sample appears to be single phase, de-
tailed electron [31] and neutron [10] diffraction studies
demonstrated that the annealing induces the formation
of intergrowth-like domains of La2CuO4 and La8Cu8O20.
The volume fraction of the superconducting La-2126
phase was estimated to be ∼ 70% [10]. It was inferred
that the segregation of the La2CuO4 and La8Cu8O20
phases caused an enrichment of the Ca concentration in
the remaining La-2126 phase, so that the hole concentra-
tion in the CuO2 bilayers is tuned by Ca substitution for
La rather than by interstitial oxygen. While it would be
desirable to determine the actual Ca concentration in the
La-2126 superconducting phase, doing so is complicated
by the unusual heterostructures of these samples.
Inelastic neutron scattering experiments were per-
formed on the SEQUOIA time-of-flight spectrometer at
the Spallation Neutron Source, Oak Ridge National Lab-
oratory [32, 33]. For each sample, two incident ener-
gies Ei were used, a low-energy choice and a high-energy
choice. These are listed in Table I, along with the cor-
responding settings for the T0 and Fermi (F1) chopper
frequencies. The different Ei choices for SC45 vs. NSC
and SC55 were made in separate experimental runs. For
simplicity, from here on we will refer to the LE and HE
configurations as defined in the table.
To index the scattering, we use a pseudo-tetragonal
unit cell with lattice parameters a = 3.83 A˚ and c =
19.36 A˚. All wave vectors are reported in reciprocal lat-
tice units. Each sample was oriented with Q = (H, 0, L)
in the horizontal plane and (0,K, 0) in the vertical di-
rection. For each measurement, the sample was rotated
over at least 90◦ in 1◦ steps. The collected data were then
mapped into the region of H ≥ 0, K ≥ 0, and L ≥ 0 by
reflection across H = 0, K = 0 and L = 0 and averaged
(unless otherwise noted). Errorbars represent statistical
error and correspond to 1 standard deviation from the
observed value. Data in the false-color intensity maps
have been smoothed, and white regions indicate areas
outside of the detector coverage.
For this paper, we will present the inelastic scatter-
ing data in the form of the dynamical scattering function
S(Q, ω) defined by the quantity M˜(Q, ω) in Eq. (10) of
Ref. [34], with the exceptions that we will not correct for
the magnetic form factor (and the Debye-Waller factor
is ignored). A common way to determine the absolute
magnitude of S(Q, ω) is to normalize to measurements
of incoherent elastic scattering from a standard vana-
dium sample. As we only had vanadium data for the
measurement conditions used for the SC45 sample, we
3used the following normalization procedure. First, for
the SC45 crystal with the LE configuration and T = 4
K, the neutron scattering intensity of the (200) longi-
tudinal acoustic phonon at h¯ω = 6 meV was measured
and used to calculate the quantity NR0kf , where N is
the number of Cu ions, R0 is the resolution volume, and
kf is the outgoing neutron wave vector magnitude [34].
[Similar values of NR0kf (within ∼20%) were obtained
using vanadium data.] Next, intensities of the NSC and
SC55 data in the LE configuration were scaled relative
to the SC45 data using acoustic phonon intensities at
(107) and T = 4 K. As it was not possible to resolve the
separate phonon branches near (107), all of the spectral
weight within 5.5 ≤ h¯ω < 6.5 meV, 0 ≤ K < 0.2, and
6.5 ≤ L < 7.5 was averaged and integrated along H after
subtracting a background obtained from fitting a sloped
line to surrounding data. Finally, the HE-configuration
data were normalized for each crystal relative to their
LE data by comparing averages of incoherent scattering
found at (0.15, 0.825, 0), (0.25, 0.825, 0), (0.35, 0.825, 0),
(0.35, 0.75, 0), and (0.5, 0.15, 0) at T = 4 K.
While we have not corrected for the magnetic form
factor in evaluating S(Q, ω), we will correct for it when
converting to the imaginary part of the dynamic spin
susceptibility, χ′′(Q, ω). As a result, the effective rela-
tionship used here is:
χ′′(Q, ω) =
[
pi(1− e−h¯ω/kT )
2f2(Q)
]
S(Q, ω), (1)
where f(Q) is the magnetic form factor calculated for
La2CuO4 in the same fashion as that for Sr2CuO3 ana-
lyzed in [35]. This formula essentially corresponds with
Eq. (13) of Ref. [34].
III. BACKGROUND
For small x, La2−x(Ca,Sr)xCaCu2O6 exhibits anti-
ferromagnetic order with ordering wave vector QAF =
(0.5, 0.5, 1) [29, 30]. This involves antiparallel nearest-
neighbor Cu spins in all directions within CuO2 bilayers,
similar to the order in YBa2Cu3O6+x [36]. The cou-
pling between neighboring layers causes the bilayer spin
waves to split into acoustic and optical modes, where
the oscillations in neighboring layers are correspondingly
in-phase and anti-phase [37]. These modes have struc-
ture factors proportional to sin(piz′L) and cos(piz′L), re-
spectively, where z′c is the separation between Cu atoms
along the c axis, z′ = 0.170 [38], and the scattered inten-
sity is proportional to the square of the structure factor.
For the acoustic mode, the intensity is zero at L = 0 and
5.9, but a maximum at L ≈ 2.9 [30]; with the minima
and maxima reversing for the optical mode. The optical
magnon mode should have a significant energy gap; in
antiferromagnetic YBa2Cu3O6+x, the gap is ∼ 70 meV
[39, 40], and it decreases in energy with doping [41].
Now, the bilayer spin fluctuations from the La-2126
phase are not the only source of scattering that may oc-
cur along Q = (0.5, 0.5, L). For example, the apical oxy-
gens tend to be modulated at the same in-plane wave
vector [29], and we also have, in SC45 and SC55, a con-
tribution from the antiferromagnetic correlations in the
La-214 phase [10]. Spin fluctuations from the La-214
phase should vary monotonically with L, while the struc-
ture factor for the La-2126 apical-oxygen modulation is
weak at small Q and distinct from that of the bilayer
spin fluctuations. Hence, in order to identify the lat-
ter, it is important to measure the Q dependence of the
spin fluctuations in three dimensions, which one can do
with the rotating crystal method [42]. At lower energies,
we can identify the La-2126 spin fluctuations from the
sin2(piz′L) intensity modulation, and at higher energies,
we can use the loss of the modulation as a signature of
the optical magnon gap.
IV. DATA AND ANALYSIS
Figure 1 shows the dispersion of magnetic excitations
along Q = (H, 0.5, 3) at low energies for all three samples.
Taking account of the expected acoustic mode structure
factor for the CuO2 bilayers (discussed in the previous
section), the intensity has been averaged over the range
2 ≤ L ≤ 4. The dispersion about H = 0.5 and 1.5 is
unresolved because of the large effective spin-wave veloc-
ity. With increasing H, superimposed phonon scattering
grows in intensity. Of particular note is the dispersive
optical phonon mode with a minimum energy of 18 meV
at H = 1.5, with a strong resemblance to the feature
reported in lightly-doped La2−xBaxCuO4 [43].
To view the in-plane spin correlations, Fig. 2 shows
intensity slices in the (H,K, 3) plane, where the energy
has been averaged over the range of 8 to 16 meV. (Note
that we have averaged the data to improve statistics,
and that nothing different from the average is apparent
in any slices over smaller energy ranges.) For the NSC
sample, the signal is relatively round and narrow. For
the superconducting samples, the scattering is broader
and adopts a diamond shape. While no incommensu-
rate structure is resolved, the orientation of the diamond
is consistent with the incommensurability commonly ob-
served in sufficiently-underdoped cuprate superconduc-
tors [44]. The lower row of Fig. 2 shows fits to the
data with 4 incommensurate peaks, with peak width
contrained to match that of the NSC data. (Since we
cannot actually resolve incommensurate features in the
data, a more elaborate analysis does not seem justified.)
The pattern found is similar to that observed in under-
doped and twinned YBa2Cu3O6+x [45]; in detwinned
YBa2Cu3O6+x, the incommensurate splitting is almost
resolvable at 3 meV [20]. The incommensurabilities fit
to our superconducting samples are comparable to those
for YBa2Cu3O6+x with p ∼ 0.08–0.09 [44, 46, 47].
The magnetic dispersion to higher energies is shown in
Fig. 3(a)-(c). Optical phonons extend up to ∼ 85 meV,
but the excitations above that are purely magnetic. The
4FIG. 1. Color maps of S(Q, ω) obtained in the LE configu-
ration as a function of excitation energy and Q = (H, 0.5, 3)
for NSC (a-c), SC45 (d-f), and SC55 (g-i) at temperatures of
4 K (a,d,g) and 200 K (c,f,i) for all samples, 55 K for SC45
(e), and 60 K for NSC (b) and SC55 (h). Data have been
averaged within 2 ≤ L ≤ 4 and 0.4 ≤ K ≤ 0.6. One can see
the magnetic excitations dispersing steeply from H = 0.5 and
1.5.
higher-energy magnetic excitations are readily apparent
in NSC; they are weaker for SC45 and SC55 because of in-
creased Q width and damping from the doped holes, but
one can see the roughly vertical dispersion of these excita-
tions at lower energies, where they overlap with phonons.
Constant-energy slices at h¯ω = 110 meV (averaged over
a 20-meV window) are presented in Fig. 3(d)-(f). For
NSC, we observe a ring, representing a cut through the
conical dispersion of spin waves, whose slope is propor-
tional to the in-plane superexchange energy J . For SC45
and SC55, the ring has expanded, indicating a decrease
in the effective J consistent with previous cuprate results
[48, 49]. Figure 4 shows radial averages of the rings. The
gaussian fits yield q0 = 0.061(3), 0.115(8), and 0.128(6)
rlu for NSC, SC45, and SC55, respectively, with half-
widths of 0.048, 0.062, and 0.071 rlu. From the ratio
(110 meV)/Q0 we can get an estimate of the spin-wave
velocity and the effective J . We will discuss this evalua-
tion later, as we must take account of both the acoustic
FIG. 2. Top row: Color maps of S(Q, ω) in the (H,K, 3)
plane centered on the magnetic excitations at (0.5, 0.5, 3).
Data have been averaged within 2 ≤ L ≤ 4 and 8 ≤ h¯ω ≤ 16
meV. All data were taken at 4 K, with the LE configuration.
Bottom row: fits with 4 incommensurate gaussian peaks split
about (0.5, 0.5), assuming FWHM = 0.083 rlu (obtained from
fitting a single gaussian to the NSC result). The incommensu-
rabilities are 0.007(5), 0.044(1), and 0.056(1) for NSC, SC45,
and SC55, respectively.
and optic fluctuations. For now, let us denote the ef-
fective J by the Tc of the sample; then we note that
J45/J0 = 0.53(5) and J55/J0 = 0.48(3).
To verify the acoustic magnon structure factor antic-
ipated at low energies, we plot on the lefthand side of
Fig. 5 representative constant-energy slices of intensity
in the (H, 0.5, L) plane; cuts along H = 0.5 and 1.5 are
presented on the righthand side. The data presented are
for SC45 at T = 4 K, but the results for the other sam-
ples and at temperatures up to 200 K show similar be-
havior. For h¯ω = 8, 12, 16, and 24 meV, one can see that
the scattered intensity is sinusoidally modulated, with a
maximum at L ≈ 3 and minima at L = 0 and 6, as ex-
pected. The only exception is at h¯ω = 20 meV, where
overlapping scattering from an optical phonon dominates
the response. We also note that, for h¯ω = 8 and 16 meV,
the intensities at H = 1.5 are closer to those at H = 0.5
than expected for the form factor dependence.
When the optical magnon branch appears at higher
energies, it should have an intensity maximum at L = 6,
where the acoustic structure factor is zero. To look for
the onset of the optical mode, we plot the intensity at
Qop = (0.5, 0.5, 6) and at a background point Qb as a
function of h¯ω for each sample in Fig. 6(a)-(c). Con-
sistent with expectations, we see that the signal at Qop
matches that at Qb for low energies but rises above back-
ground at higher energies. To see this more clearly,
we plot the difference in intensities at Qop and Qb in
Fig. 6(d)-(f). From these results, we estimate an opti-
5FIG. 3. Color maps of S(Q, ω) obtained in the HE con-
figuration at T = 4 K along Q = (H, 0.5, 〈L〉) for (a) NSC,
(b) SC45, (c) SC55. Data averaged within 0.4 ≤ K ≤ 0.6
and within the full range of L available for each H and
h¯ω value. (d-f) Corresponding constant-energy slices in the
(H,K, 〈L〉) plane at h¯ω = 110 meV. Data averaged within
100 ≤ h¯ω ≤ 120 meV and the full range of available L values
(roughly 14 ≤ L ≤ 19 for SC45 and 11 ≤ L ≤ 21 for NSC and
SC55).
cal magnon gap ∆op of 53 ± 5 meV, 38 ± 5 meV, and
33± 5 meV for NSC, SC45, and SC55, respectively.
For the case of undoped La-2126, where a spin-wave
model similar to that for YBa2Cu3O6 [50] should be ap-
propriate, the optical magnon gap, ∆op, should be pro-
portional to
√
J⊥J , where J⊥ is the effective nearest-
neighbor interlayer exchange within bilayers. Taking the
square of the ratio of the optical gaps, we find
∆2op(SC45)
∆2op(NSC)
= 0.51(13) =
J45⊥J45
J0⊥J0
≈ J45
J0
, (2)
and
∆2op(SC55)
∆2op(NSC)
= 0.39(12) =
J55⊥J55
J0⊥J0
≈ J55
J0
. (3)
From this analysis, it appears that the doping depen-
dence of ∆op is fully accounted for by the change in J ,
suggesting that J⊥ is not significantly affected by doping.
FIG. 4. (a)-(c) Radial average of q = (H,K, 〈L〉) −
(0.5, 0.5, 〈L〉) for the 110-meV data in Fig. 3(d)-(f), respec-
tively. Circles with error bars: data; blue line: gaussian fit.
For the fits, a pair of identical peaks at ±Q0 were used.
Now that we have estimates for ∆op, we can eval-
uate J from the fits in Fig. 4. We assume that
the acoustic branch disperses linearly in q with ve-
locity v. The dispersion of the optical mode is as-
sumed to be
√
∆2op + h¯
2v2q2. For the measurements at
110 meV, both modes should be contributing approxi-
mately equally. If q¯ is the average peak position, then
the velocity should be given by
v =
ω
2q¯
[
1 +
√
1− (∆op/h¯ω)2
]
. (4)
The theoretical spin-wave velocity for the nearest-
neighbor Heisenberg antiferromagnet appropriate to a
CuO2 plane is [51]
v =
√
2ZcJa/h¯, (5)
where Zc = 1.18. From these formulas and the data for
NSC, we obtain J = 161+105−46 meV, where we have used
half of the half-width at half maximum as an estimate
of uncertainty in q¯. This value of J (with its substan-
tial uncertainty) is on the high-side of the distribution
of results for other cuprates, but that distribution has a
significant width [13].
To characterize the strength of the magnetic excita-
tions as a function of temperature and energy transfer,
we took the LE data, integrated it over 2 ≤ L ≤ 4,
divided the energy scale into 0.5-meV bins, and fit the
scattered signal to the form
S(Q, ω)/f2(Q) = p0 + p1 ·Q+ A
2piσ2
e−
1
2 (Q−QAF)2/σ2 ,
(6)
where the parameters p0, p1, A(ω), and σ(ω) were fit
for each h¯ω bin, and the full-width half-maximum κ =
2
√
2 ln 2σ. To convert the amplitude to the Q-integrated
imaginary part of the dynamic susceptibility, χ′′(ω), we
used
χ′′(ω) =
pi
2
A(ω)(1− e−h¯ω/kBT ). (7)
We plot the results for χ′′(ω) and κ(ω) for each sample
at several temperatures in Fig. 7.
6FIG. 5. S(Q, ω) for SC45, showing the magnetic scat-
tering along (0.5, 0.5, L) and (1.5, 0.5, L). Left column
shows constant-energy maps in the (H, 0.5, L) plane, aver-
aged within 0.4 ≤ K ≤ 0.6 and within ∆(h¯ω) = ±1 meV
around the energy transfers noted at the upped left of each
panel (8 to 24 meV in 4-meV steps). Data were taken at
T = 4 K and Ei = 40 meV. Right column shows correspond-
ing intensities of the magnetic excitations along L, averaged
within 0.4 ≤ K ≤ 0.6, 0.4 ≤ H ≤ 0.6 for red circles and
1.4 ≤ H ≤ 1.6 for black circles, after subtraction of back-
ground determined at neighboring wave vectors. Solid lines
correspond to f2(Q) sin2(piz′L) using the Cu form factor de-
termined in [35].
For sample NSC, χ′′(ω) is constant in energy and tem-
perature for h¯ >∼ 10 meV, consistent with the response
observed from spin waves [39, 52]. At low h¯ω, the rise
in the signal appears to be a quasielastic response, sug-
gesting local hopping by the low density of doped holes
frustrates static order. The spectrum looks similar to
that observed recently in La1.93Sr0.07CuO4 [21].
For samples SC45 and SC55, the magnetic response
is reduced at high temperature and grows on cooling, in
a fashion qualitatively similar to that observed in other
underdoped cuprate superconductors [20, 22, 45, 53, 54].
At low temperature, there is a rise in response at low fre-
quency, which is different from the behavior in cuprates
that exhibit a spin gap [18, 55–58]. To confirm the change
FIG. 6. (a,b,c) S(Q, ω) vs. h¯ω at Qop = (0.5, 0.5, 6) (filled
black circles), along with background intensity at Qbkg =
(0.3, 0.5, 6) (open magenta squares) and Q′bkg = (0.7, 0.5, 6)
(open green triangles). Data were averaged within 0.4 ≤
H ≤ 0.6, 5 ≤ L ≤ 7, and either 0.4 ≤ K ≤ 0.6 for
Qop or 0.2 ≤ K ≤ 0.8 for the background points. (d,e,f)
S(Qop, ω) after subtraction of averaged background. Red
lines are guides to the eye to highlight the increase in intensity
with h¯ω, which is expected due to the presence of the optical
branch. Measurements were done with the HE configuration
at T = 4 K.
across Tc, we plot the difference between 4 K and T >∼ Tc
in Fig. 8. As one can see, there is no sign of a spin gap
or resonance. The coexistence of superconductivity with
gapless spin fluctuations has been observed previously
in underdoped La2−xBaxCuO4 [22], La2−xSrxCuO4 [21],
and very underdoped YBa2Cu3O6+x [20, 53, 59].
The width parameter κ, plotted in Fig. 7(b), (d), and
(f), grows with doping but does not show any significant
dependence on temperature or energy over this modest
energy range. While we have already noted that we can-
not resolve any incommensurability, the variation in κ
with increasing Tc is consistent with the variation in in-
commensurability with doping seen in other cuprate su-
perconductors [44].
V. DISCUSSION
The features of the magnetic excitation spectra that
we have observed in La-2126 crystals are similar to those
observed in various other cuprate systems [14]. For ex-
ample, the NSC sample exhibits a large spin velocity, in-
dicating an effective J that may be larger than the J ≈
143 meV of La2CuO4 [60]; measurements to significantly
higher excitation energies would be necessary to reduce
the uncertainty in J . The decrease in the magnitude of
J with doping is consistent with 2-magnon Raman scat-
tering results for other cuprates [48]; the drop by 50%
relative to the insulating parent corresponds with op-
timal doping in La2−xSrxCuO4 and Bi2Sr2CaCu2O8+δ.
7FIG. 7. Fitting results for χ′′(ω) (a,c,e) and κ (full Q width
at half maximum) (b,d,f) for NSC (a,b), SC45 (c,d), and SC55
(e,f), as described in the text. These results are from LE data;
measurement temperatures are indicated in the legend.
The decrease in spectral weight at 110 meV with doping
follows the trend established by Stock et al. [61]: the
magnetic spectral weight remains strong at low energies
but is depressed on the scale of the pseudogap energy
(corresponding to twice the antinodal pseudogap energy
identified by photoemission) [62].
The low-energy spin excitations exhibit the bilayer
acoustic-mode structure factor previously observed in
YBa2Cu3O6+x [50, 63] and Bi2Sr2CaCu2O8+δ [64]. Our
FIG. 8. Differences of χ′′(ω) across Tc, with T = 55-K (60-K)
data subtracted from 4-K data for SC45 (SC55) crystals.
result of ∆op = 53(5) meV can be compared with results
for YBa2Cu3O6+x with x = 0.15 where ∆op = 74(5) meV
and J = 125(5) meV were found [39] (with slightly re-
duced values reported for a sample with x = 0.20 [40]).
Our smaller ∆op and larger J in the NSC sample in-
dicate a reduced J⊥ compared to YBCO. On doping
YBa2Cu3O6+x to x = 0.5 (Tc = 52 K), ∆op dropped
to ∼ 59 meV [55], which goes in the same direction as
our observations.
For energies below ∆op, the acoustic-mode structure
factor allows us to separate the magnetic excitations of
La-2126 from a possible contribution from the La-214
intergrowth layers in the annealed crystals, as the lat-
ter response should be independent of L. It follows that
we have good confidence that our observations of gap-
less spin fluctuations in SC45 and SC55 correspond to
intrinsic features. We certainly see some evolution of the
low-energy excitations with doping shown in Fig. 7, as
χ′′(ω) for h¯ω <∼ 20 meV is reduced in the superconduct-
ing samples at 200 K, with a pronounced dip at 12 meV.
Nevertheless, that weight grows on cooling to near Tc,
and the difference across Tc (Fig. 8) shows no dip.
There is also an enhancement of χ′′(ω) at ∼ 20 meV in
the SC55 sample compared to the NSC sample. This fea-
ture appears to be similar to the one identified previously
in lightly-doped La2−xBaxCuO4 by Wagman et al. [43],
observed in other La-214 samples [19, 22], and attributed
to spin-phonon hybridization [65]. The apparent absence
of such a feature in the NSC sample suggests that the
coupling between spin-excitations and phonons requires
a sufficient level of hole doping. We note that a related
gapped-magnon feature with h¯ω ∼ 25 meV was observed
in stripe-ordered La1.67Sr0.33NiO4 [66] and confirmed to
be magnetic with the use of polarized neutrons [67].
The absence of a spin gap plus the magnetic-field-
induced decoupling of superconducting layers [12] par-
allels such behavior in La2−xBaxCuO4 with x = 0.095
[22–24]. Of course, there are some differences, as well.
In the case of LBCO, there is direct evidence for both
spin and charge stripe order [23, 68]. For the present
samples, we cannot resolve incommensurate peaks in the
spin fluctuations, although the data are compatible with
broad incommensurate peaks. This situation is similar
to YBCO with x = 0.45, where detwinned crystals show
a clear nematic anisotropy in the magnetic peak widths
at low temperature [20]; in that system, incommensura-
bility of the lowest-energy excitations becomes resolvable
at higher doping [69, 70]. Another issue is the absence
of evidence for charge order in La-2126 and YBCO with
x = 0.45. The lack of evidence does not rule out charge
order, but indicates one direction for further study.
As noted in the Introduction, the decoupling of su-
perconducting layers in LBCO, both in zero field for
x = 0.125 [25] and in applied field for x = 0.095 [23, 24],
has been attributed to PDW order associated with the
stripe order [26, 27]. So far, direct evidence for PDW or-
der has been limited. The best evidence so far comes from
a scanning tunneling spectroscopy study [71] of modula-
8tions in vortex halos in Bi2Sr2CaCu2O8+δ, where a spe-
cific charge modulation was detected that was predicted
to occur when uniform and PDW superconducting orders
coexist [72]. For LBCO with x = 1/8, phase-sensitive
measurements in a Josephson junction provide evidence
for a charge-4e response, which is another predicted be-
havior associated with PDW order [73]. A recent high-
magnetic-field transport study on the same compound
has provided evidence that the charge stripes contain pair
correlations even in the absence of phase coherence be-
tween neighboring stripes [74].
The nature of superconducting order in La-2126 de-
serves further attention. While evidence for PDW order
is quite indirect, the gapless spin fluctuation spectrum
and its temperature dependence seem to indicate that
some combination of intertwined orders [75] is involved.
VI. SUMMARY
Three different single crystals of La2−xCa1+xCu2O6+δ
for x = 0.10 and x = 0.15, two of which were made super-
conducting by high-pressure oxygen annealing, have been
studied by inelastic neutron scattering. For the NSC
sample, the temperature-dependence of the Q-integrated
χ′′(ω) was found to be very similar to that of weakly-
hole-doped cuprates. The superconducting crystals, on
the other hand, showed a reduction in χ′′(ω) with in-
creasing temperature; however, the change in spectral
weight across Tc did not show any sign of the spin gap
or resonance features seen in many other cuprate super-
conductors. The lack of these features is consistent with
data from underdoped La-214 cuprates. The coexistence
of gapless spin fluctuations with superconductivity sug-
gests that intertwined orders are involved. Further work
is necessary to test for possible PDW order.
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